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Abstract
Alkoxyethanols [CmH2m+1·(OC2H4)·OH] (conveniently abbreviated to CmE1) are a subgroup of
the alkyl poly(ethylene glycol) mono-ethers. They are small relatives of a large number of nonionic detergents. The thermodynamic properties of their mixing in water have been shown to be
good sources of information about the interactions of both hydrophilic and hydrophobic groups
with water. These alkoxyethanols, or glycol ethers, are the ether derivatives of ethylene glycol
where one hydroxyl functional group is substituted for an alkoxy functional group. Our group
has already published results for aqueous excess properties of 2-Methoxyethanol (C1E1), 2Ethoxyethanol (C2E1) and 2-Butoxyethanol (C4E1), 1,2 three more alkoxyethanols will be added to
a list of calorimetric data, being collected, for these small alkoxyethanols3.

The three

amphiphiles used in this experiment are 2-Propoxyethanol (C3E1), 2-Isopropoxyethanol (i-C3E1)
and 2-Isobutoxyethanol (i-C4E1). Since limited thermodynamic information exists for these three
liquids, supplemental data was needed. Excess enthalpy data collected for 2-Propoxyethanol
(C3E1) and 2-Isopropoxyethanol (i-C3E1) were obtained with no problems. Data collected for 2Isobutoxyethanol (i-C4E1) revealed some serious discrepancies from literature values.
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Chapter 1: Introduction
1.1: Alkoxyethanols
Since alkoxyethanol molecules are part of the family of alkyl poly(ethylene glycol)
mono-ethers [CmH2m+1·(OC2H4)n·OH], they are model compounds for a range of patterns of
amphiphile aggregation such as micelles, bilayers and vesicles. The smaller alkoxyethanols (C1
thru C6) have found extensive industrial applications as solvents. They are also known by their
trade name as cellosolves. These cellosolves have distinct properties and have been used as
solvents for cellulose compounds, resins, oils, greases, dyes, paints, and many other materials4.
To gain a deeper understanding of the role of alkoxyethanols, we study the thermodynamic
properties of their aqueous mixtures. Alkoxyethanols are derivatives of ethylene glycol [HOCH2CH2-OH] where one alcohol functional group [-OH] has been substituted by the alkoxy
group [R-O-]; where R can be any alkyl functional group. For example, inserting the propyl
chain to the alkoxy group [C3H7-O-], it now becomes 2-Propoxyethanol, [C3H7-O-CH2CH2-OH]
and the butyl chain [C4H9-O-] becomes 2-Butoxyethanol [C4H9-O-CH2CH2-OH].

It is this

combination of the ether and alcohol group which gives this molecule its non-ionic detergent
amphiphilic characteristic. Typically, amphiphilic molecules contain a hydrophilic polar head
attached to a long hydrophobic (lipophilic) tail. In the alkoxyethanol molecule, the alcohol
group at the end of the ethane chain represents the hydrophilic polar head [-CH2CH2-OH] where
hydrogen bonding occurs. The alkyl group [R-] is the hydrophobic (lipophilic) tail end. Figure
1.1.1 indicates the different locations of an amphiphilic molecule using 2-Propoxyethanol as an
example. Figure 1.1.2 shows the three dimensional structures for all three alkoxyethanols used
in this work.

1

Figure 1.1.1: Amphiphile Example (2-Propoxyethanol)
Figure 1.1.2: Structures for the Ethylene Glycol Mono-Alkyl Ethers

2-Propoxyethanol (C3E1)

2-Isopropoxyethanol (i-C3E1)
2

2-Isobutoxyethanol (i-C4E1)
1.2: Background of Previous Work/Research
Previous research into theses cellosolves has involved their potential toxic effects on
people as well as on the environment4,5. Previous work done by our group has used both
calorimetric and volumetric research in order to compile specific solution thermodynamic data
for a few alkoxyethanol-water systems. This includes data for excess molar volumes (∆VmE),
isobaric expansivities (∆Em), excess molar enthalpy (∆HmE), excess molar heat capacities (∆CpE)
and the excess isentropic compressibility (∆KSE)3. This investigation studied the excess molar
enthalpy (∆HmE), which is identical to the enthalpy of mixing (∆mixH), between 2Propoxyethanol (C3E1), 2-Isopropoxyethanol (i-C3E1) and 2-Isobutoxyethanol (i-C4E1) and water
using the full composition mole fraction range. Using these calorimetric findings should not
only add to the thermodynamic data; it will also provide good information on how these three
compounds interact in an aqueous environment.

3

1.3: Alkoxyethanol Aggregation/Micelle Behavior.
In general, most organic liquids are not soluble in water due to the fact that the
hydrocarbon moieties cannot form hydrogen bonds with water. To overcome this action, the
organic solvent would need to have both hydrophilic and hydrophobic properties. The term used
for organic solvents with these two properties is called amphiphilic molecules. This component
affects the water surface tension allowing for the compound to become soluble in water. With
this change in solubility, interactions between water and the amphiphile will now come into play.
There are three possible intermolecular interactions that the amphiphile and water may
encounter, solute-solute, solvent-solvent and solute-solvent. For this research, the solute-solvent
interaction was important in determining the mixing parameters between the two liquids; the
alkoxyethanol was the solute and water the solvent.
It has been determined that amphiphiles with six or more carbon atoms and greater than
three oxyethylene components, (CmEn), have been classified as detergents and can form
micelles6. A micelle is an organized cluster which is composed of many individual amphiphiles.
In the work presented here, all three alkoxyethanols have less than six carbon atoms in their alkyl
structure, so it will be safe to say that all three will aggregate, or cluster, if and when certain
conditions are meet. Keep in mind, when stable micelles form all of the hydrophilic alkyl groups
are isolated from their water environment forming an oily core. When smaller amphiphiles
cluster, their alkyl groups are not totally isolated while some alkyl groups remain in contact with
water. At low concentrations there is strong evidence of clathrate formation7,8.
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1.4 Thermodynamic Mixing Quantities (∆
∆mixG, ∆mixS, ∆mixH, and ∆mixV).
For any physical or chemical change that takes place under constant temperature and
pressure, the driving potential is the Gibbs Energy (G). From the ideal gas equation, one can
derive an expression for the molar ideal Gibbs energy of mixing for two ideal gases (A & B),
∆mixGm (ideal) = RT · [XA (ln XA) + XB (ln XB)] (1)
The symbol XA represents the mole fraction for component A and XB is the mole fraction for
component B. The ideal Gibbs energy of mixing for two liquids is identical to that for ideal
gases. This is consistent with Raoult’s Law. Equation (1) carries with it implications regarding
the entropy change, the volume change, and the enthalpy change which accompanies the mixing
process. To find the entropy of mixing, ∆mixSm (ideal), the partial derivative of ∆mixGm with
respect to temperature is calculated from equation (1).
∆mixSm = - (∂ ∆mixGm / ∂ T)P (2)
∆mixSm (ideal) = -R · [XA (ln XA) + XB (ln XB)] (3)
As for the volume, the partial derivative of ∆mixGm with respect to pressure is calculated from
equation (1).
∆mixV = - (∂ ∆mixGm / ∂ P)T (4)
Since ∆mixG is independent of pressure in equation (1), the ∆mixV (ideal) equals zero.
∆mixV (ideal) = 0 (5)
Now, using equation (1) and (3), at constant temperature and pressure, along with equation (6),
∆mixG = ∆mixH - T∆mixS (6)
the enthalpy of mixing can now be calculated by rearranging equation (6) to find ∆mixH (ideal).
∆mixH (ideal) = T∆mixS (ideal) + ∆mixG (ideal) (7)
5

Substituting equation (3), for ∆mixS (ideal), and equation (1), for ∆mixG (ideal), will show that
∆mixH (ideal) equals zero.
∆mixH (ideal) = 0 (8)
No heat is evolved when two pure liquids are mixed to form an ideal solution.
Since thermodynamic properties of mixtures between two liquids are usually expressed in
terms of excess functions, the mixing quantities can be calculated from the excess functions. For
example,
∆mixG = GE + ∆mixG (ideal) (9)
∆mixS = SE + ∆mixS (ideal) (10)
∆mixH = HE + ∆mixH (ideal) (11)
For this research, our excess molar quantity QE is defined by the equation
QE = Qmix (experimental) – Qmix (ideal) (12)
therefore HE = ∆mixH (experimental).

6

Chapter 2: Experimental Procedures (Chemicals, Instrumentation and Thermogram)
2.1: Chemical Reagents
Three alkoxyethanols were used in this experiment.

The organic reagents of 2-

Isopropoxyethanol (purity > 99% by GC) and 2-Isobutoxyethanol (purity 98% min. by GC) were
obtained from TCI-America and used without any further purification. The 2-Propoxyethanol
(purity assay 99%) was supplied from Aldrich Chemicals and was also used, as is, without
further purification.

While using these chemical reagents, caution was used to limit any

atmospheric moisture or other contaminates from coming in contact with the pure liquids by
keeping all bottles closed between experiments and sealing the bottles when not in use. Also, for
these experiments, Millipore Grade purified water was used as the solvent. Millipore grade
water is prepared by passing distilled water through an osmosis membrane removing any watersoluble contaminants, which may interfere with the tests. The conductivity of the water was
measured at 4.4 MΩ ⋅ cm. For consistency purposes, the Millipore water bottle was treated as
the chemical reagents were in limiting its exposure to atmospheric moisture and other
contaminates by keeping the bottle closed between experiments and sealed when not being used.
2.2: Equipment and Materials
The instrument used to determine the excess molar enthalpies/heats of mixing (∆mixH)
was the Parr Instruments 1455 Solution Calorimeter which was used at room temperature and
under atmospheric pressure conditions (See Fig. 2.2.1).
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Figure 2.2.1: Parr 1455 Solution Calorimeter
The standard parts that make up the 1455 calorimeter are as follows, the Glass-like Dewer
Vessel, a small Sample Glass Rotating Cell w/ a Teflon sample dish and a Thermistor Probe for
temperature readings, as well as a small motor for stirring the mixture (See Fig. 2.2.2) & (See
Fig. 2.2.3)9,10,11.

Figure 2.2.2 Glass Sample Cell
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Figure 2.2.3: Internal Diagram (Side View) of Parr 6755, Analog to Parr 1455.
Since the heat capacity of the calorimeter will be used to calculate final enthalpy changes,
calibration of the calorimeter was performed using the standardization guidelines provided in the
Parr 1455 Solution Calorimeter Operating Instruction Manual. The calibration procedure calls
for reacting 0.5 grams of (Tris[hydroxymethyl]aminomethane) with 100 milliliters of 0.1M HCl.
Carefully following these instructions, the heat capacity (Cp) was determined to be 101.25 J/°C
for the empty calorimeter.
2.3: Protocol for Determining Enthalpies of Mixing of Alkoxyethanols with Water.
According to operating instructions, the Dewer should be filled with a volume between
90 mL and 120 mL. The sample cell can hold up to 20 mL of liquid sample. Using these
parameters, calculations were made to determine the volumes needed to produce 90 mL of an
alkoxyethanol/water mixture, in the Dewer, when specific mole fractions of the solute were
9

needed. Two protocols were used for the enthalpy determinations, the first method is as follows.
When no alkoxyethanol/water mixture was needed in the Dewer, it was simple filled with 90 mL
of the solvent, water in this case. With these calculations complete, experimental data can know
be collected. An empty clean dry Dewer was weighed on a Scientech ® Analytical Balance,
W(D). The established volume of water was added the Dewer and then reweigh. This weight
equals to the weight of the Dewer plus the weight of the water. Subtraction of the two numbers
will now give the weight of the water, W(W). To the water in the Dewer, the established volume
of the alkoxyethanol is added to the Dewer where weight increases. Again, subtraction of these
two values will give the weight of the alkoxyethanol, W(CmE1). The second method for enthalpy
determinations is to calculate an alkoxyethanol/water mixture inside the Dewer. This is done in
order to obtain excess molar enthalpy data slightly beyond the allowable volumes in the Dewer
and in the sample cell. The first thing done is to choose an appropriate alkoxyethanol mole
fraction starting point. Doing this will also give the mole fraction starting point for water. From
here, calculations are preformed to determine the approximate masses for each one, using their
individual molecular weights. With this complete, the corresponding volumes are measured
from their calculated masses using the density for the pure liquids and then adjusting these
values to 90 milliliters; the starting volume for the Dewer cell. As was done in the first method,
the weights for water and the alkoxyethanol are taken and recorded for the Dewer and sample
cell. I now have the weights for both the alkoxyethanol and the water inside the Dewer. These
masses are converted to units of moles and then converted to mole fractions for the
alkoxyethanol and water. These starting point mole fractions are important for the reason that
data interpolation will be used to calculate the excess molar enthalpy at those specific mole
fraction points which will then be added to the final excess molar enthalpy calculations. The
10

next step is to add the prescribed volume amount of the alkoxyethanol to the sample cell and
determine its weight. From here, the calorimeter can now be loaded to begin the experiment in
order to collect data for production of a thermogram/thermograph.
2.4: Producing a Thermogram/Thermograph.
One accessory the Parr 1455 Calorimeter makes use of is a dot matrix printer for
thermogram charts (Parr Instruments 1755). Because this printer was not available, a slight
modification was used to produce a thermograph. Since the calorimeter thermister measured
temperature readings every ten seconds, while displaying them on the instrument panel, a
time/temperature sheet was carefully used to manually record the solution mixture temperature.
Below is a truncated time/temperature sheet example of a mixture of 2-Isobutoxyethanol and
water (See Fig. 2.4.1).

Figure 2.4.1: Time/Temperature Sheet Example
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With these temperatures now manually recorded, they are now entered into an excel spreadsheet
program where a thermograph is plotted. This thermograph plots puts time on the x-axis and the
temperature on the y-axis (See Fig. 2.4.2).

Figure 2.4.2: Thermograph Example
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Now with the thermograph plotted, interpretation, of the graphical data, is done in order to
determine the overall net temperature change (∆T = Tf – Ti) and the temperature of the mixture
(Tmix) for the reaction between the two solutions. Before computing this change in temperature,
a line is drawn over the pre-drift points and extended out pass the point where the sample cell
was opened to start the reaction. A similar line is drawn over the post-drift line and extended
backwards to a point just before the sample cell was opened. Noticing that the pre-drift and the
post-drift lines are approximately linear, the method of least squares is employed to find the best
straight line through the pre-drift and post-drift points12. These two, separate, equations will then
be used to determine the final and initial temperature of the mixture (See Fig. 2.4.3). The predrift line equation used was y = 8.8545 x 10-5(x) + 25.2318 with a correlation coefficient (R2)
value of 0.99876 and the post-drift line equation used was y = 7.7324 x 10-5(x) + 25.8333 with a
correlation coefficient (R2) value of 0.99591.

Using the time/temperature spreadsheet, the

median value is used to locate the point in the middle of the reaction rise. Using this median
point, a vertical line is drawn and the distance, R, is measured using a centimeter straight edge.
Do not confuse this distance R with the symbol used for the correlation coefficient. This
measured distance is then multiplied by 0.63 to find the point which is 63% above the start of the
reaction rise. Specific mathematical calculations and derivations on how this value is worked
out can be found in literature13. With this new 0.63R distance, the zero end of the ruler is placed
on the pre-drift line and moved along the extrapolated line to the new vertical position of the
temperature rise. A second vertical line is drawn between the pre-drift and post-drift line. This
line will now be used to estimate the change in temperature as well as the temperature of the
mixture (See Fig. 2.4.4).

13

Figure 2.4.3: Pre & Post Drift Equations & Mid-Point of Reaction Temp. Rise.
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Figure 2.4.4: Thermograph with Corrected Temperature Values

15

Chapter 3: Results and Discussions
3.1 Experimental Data Collected:
See figures 3.1.1 and 3.1.2 for calorimetric data collected for 2-Propoxyethanol, 2Isopropoxyethanol and 2-Isobutoxyethanol. See appendix I for numerical mole fraction and
excess molar enthalpy data.

Figure 3.1.1: Enthalpy of Mixing for (2-PE) & (2-IPE)
16

Figure 3.1.2: Enthalpy of Mixing for (2-BE) & (2-IBE)
3.2 Data Interpretation:
From viewing the full mole fraction composition range for 2-Propoxyethanol (2-PE), blue
dots, in figure 3.1.1, the excess molar enthalpy, or (∆mixH), indicates a value of -667.0 J·mol-1 at
17

a mole fraction just under 0.18. The work done in order to determine the enthalpy of mixing for
this solvent began with work, from our group, to determine the excess molar enthalpy at the
water rich end and than at the solute rich end. This analysis was successful in finding the excess
molar enthalpies in these two regions, but it left a gap, in the graph, near the middle of the mole
fraction range14. With this mole fraction gap now filled and the composition range complete, the
(∆mixH) was analytically determined to be -668.6 J·mol-1 at a mole fraction near 0.18. On the
same figure 3.1.1 graph, the data collected for 2-Isopropoxyethanol (2-IPE), purple dots, was
placed. The excess molar enthalpy indicates a value of -819.8 J·mol-1 at a mole fraction of 0.2.
This result is in good agreement with a recorded value of -820.0 J·mol-1 at a mole fraction of 0.2
from work done by one other group investigating 2-Isopropoxyethanol15. By putting both 2Propoxyethanol and 2-Isopropoxyethanol on the same graph, one can observe that the mixing
enthalpy is significantly more exothermic for 2-Isopropoxyethanol. This is possible due to the
formation of stronger hydrogen bonds at the ether region as well as at the alcohol end. Excess
molar volumes and compressibility’s are also more negative for 2-Isopropoxyethanol than 2Propoxyethanol (Appendix III, Table 1). However, there is very little difference between those
properties for 2-Butoxyethanol and 2-Isobutoxyethanol (Appendix III, Table 2 & 3). In figure
3.1.2, the full mole fraction range for 2-Butoxyethanol is seen along with limited data points for
2-Isobutoxyethanol. From the data points obtained by our group, the excess molar enthalpy for
2-BE was determined be -451.5 J·mol-1 at a mole fraction just below 0.19. Experiments to
determine the excess molar enthalpy of 2-Isobutoxyethanol began in order to corroborate
findings from another group which published excess molar enthalpy data for (2-IBE)16. My first
experimental run into determining the excess molar enthalpy ended with inconclusive results. A
second experimental run was made which ended with similar results as the first test. After
18

discussions with my graduate research professor, it was decided that he would look into the data
from all 2-Isobutoxyethanol experiments as well as data from the published article.

One

solubility property, for aqueous 2-Isobutoxyethanol, is a lower critical solution temperature
(LCST) at 300.15 K (27 °C)17. Since measurements for the PARR 1455 solution calorimeter are
read at room temperature, it became evident that solution demixing was coming into play
between water and 2-IBE18. A third experiment was planned but never performed due to events
beyond our control. Construction began on the south end of the physical science building which
affected the ambient temperature in our laboratory (22 °C) even with the building cooling system
running.

A temperature reading taken around this same time indicated a laboratory room

temperature just above 301.15 K (28 °C); well above the lower critical solution temperature for
2-IBE. For this reason, no further experiments, with the 2-IBE, were preformed. The usable
data collected was in the small 2-IBE mole fraction range. The excess molar enthalpy points
collected were placed on the same graph with the 2-BE. The findings here show that at small
mole fractions, 2-Butoxyethanol and 2-Isobutoxyethanol have similar excess molar enthalpies.
3.3: Enthalpies of Mixing for other Alkoxyethanol-Water Mixtures (CmE1), m ≤ 2.
From the excess molar enthalpy data for aqueous 2-Methoxyethanol (C1E1), the enthalpy
of mixing was determined to be -1355.19 J·mol-1 at a mole fraction close to 0.25. Also, using the
excess molar enthalpy data for aqueous 2-Ethoxyethanol (C2E1), the enthalpy of mixing was
determined to be -1143.83 J·mol-1 at a mole fraction of 0.2[1,2].
3.4: Further Reading.
H. Piekarski; Thermochimica Acta, 429 (2004) 13-18.
V. Svoboda, M. Zabransky and M. Barta; J. Chem. Thermodynamics, (1991), 23, 711-712.
G. Douheret and M. I. Davis; Chem. Soc. Rev., 1993, 43.
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M. I. Davis and M. Chacon; Thermochimica Acta, 190 (1991) 259-265.
L. H. Cretcher and W. H. Pittenger; J. Am. Chem. Soc., 46, 1503, (1924).
F. D. Rossini; Experimental Thermochemistry (IUPAC), Interscience Publishers, (1956).
J. J. Christensen, R.W. Hanks and R. M. Izatt; Handbook of Heats of Mixing, Wiley-Interscience,
(1982).
Ira N. Levine; Physical Chemistry, 6th Edition, McGraw Hill, 2009.
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Chapter 4: Conclusions
The main goal for this research was to provide supplemental enthalpy of mixing data for
the limited values that exist for 2-Propoxy, 2-Isopropoxy and 2-Isobutoxyethanol. The results
obtained for 2-Propoxyethanol and 2-Isopropoxyethanol were in good agreement. This could not
be said for 2-Isobutoxyethanol. The literature data shows enthalpies of mixing for the full mole
fraction range at 25 °C. Experiments done in this laboratory, slightly below that temperature, do
not correspond with the published literature possibly due to demixing in their experiment.

21
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APPENDIX I: 2-Propoxyethanol & 2-Isopropoxyethanol

Table 1: Mole Fraction and Excess Enthalpy Data (2-Propoxyethanol) for Fig. 3.1.1.

Table 2: Mole Fraction and Excess Enthalpy Data (2-Isopropoxyethanol), Fig. 3.1.1.
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Table 3: Mole Fraction & Excess Enthalpy Data for 2-Isopropoxyethanol, See ref. 15.

Appendix I contains the recorded data for 2-Propoxyethanol and 2-Isopropoxyethanol.
Appendix I, table 1, contains values obtained from work done by Michelle Peck and M. I. Davis;
2-PE mole fractions from 0.0 → 0.03997 and 0.40881 → 1[14]. Work and data for the mole
fraction gap between these two numbers were completed by John Enriquez and M. I. Davis.
Appendix I, table 2, shows the full mole fraction range for 2-Isopropoxyethanol and how it
supports the only published data for this solvent[15], see appendix I, table 3. It can now be said
that the enthalpy of mixing (∆mixH), for these cellosolves, are now complete.
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APPENDIX II: 2-Butoxyethanol & 2-Isobutoxyethanol

Table 1: Mole Fraction and Excess Enthalpy Data (2-Butoxyethanol), Fig 3.1.2.

Table 2: Mole Fraction and Excess Enthalpy Data (2-Isobutoxyethanol), Fig. 3.1.2.

Table 3: Mole Fraction & Excess Enthalpy Data for (2-Isobutoxyethanol), Fig. 3.1.2 & Ref.
16.
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Appendix II contains the full mole fraction range for 2-Butoxyethanol with a partial listing for 2Isobutoxyethanol and mole fraction range from 2-Isobutoxyethanol literature. Appendix II, table
1, shows the full mole fraction range from work done by our group[1]. Appendix II, tables 2 and
3 contain were to be used for mole fraction comparison.

Unfortunately, due to building

construction and aqueous 2-Isobutoxyethanol demixing near 25 °C, the excess molar enthalpy
(∆HE) could not be determined.
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APPENDIX III: Excess Molar Volumes and Compressibility Graphs

Table 1: Excess Molar Volume (2-PE) & (2-IPE).

Table 2: Excess Molar Volume (2-BE) & (2-IBE).
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Table 3: Isentropic Compressibility (2-BE) & (2-IBE).
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